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Edited by Felix WielandAbstract Here, we report the identiﬁcation of yeast 15-kD
Tim15/Zim17, a new member of mitochondrial Hsp70
(mtHsp70)-associated motor and chaperone (MMC) proteins.
The 15-kDMMC protein is a peripheral inner membrane protein
with a zinc-ﬁnger motif. Depletion of the 15-kD protein led to
impaired import of presequence-containing proteins into the ma-
trix in vivo and in vitro. Overexpression of the 15-kD protein res-
cued the functional defects of mtHsp70 in ssc1-3 cells, and a
fusion protein containing the 15-kD protein physically interacts
with puriﬁed mtHsp70. Tim15/Zim17 therefore cooperates with
mtHsp70 to facilitate import of presequence-containing proteins
into the matrix.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Most mitochondrial proteins are synthesized on the cyto-
plasmic ribosomes and imported into mitochondria [1–3]. Pro-
tein import into mitochondria requires translocators, the TOM
(the translocase of the outer mitochondrial membrane) com-
plexes in the outer membrane and the TIM (the translocase
of the inner mitochondrial membrane) complexes in the inner
membrane. Presequence-containing proteins and polytopic
presequence-less proteins use the TIM23 or TIM22 complex,
respectively, to move across or assemble into the inner mem-
brane. The mitochondrial matrix also contains mitochondrial
Hsp70 (mtHsp70)-associated motor and chaperone (MMC)Abbreviations: TOM, the translocase of the outer mitochondrial me-
mbrane; TIM, the translocase of the inner mitochondrial membrane;
mtHsp70, mitochondrial Hsp70; MMC, mitochondrial Hsp70-associ-
ated motor and chaperone; FOA, ﬂuoroorotic acid; PK, proteinase K;
DHFR, mouse dihydrofolate reductase; IMS, intermembrane space;
mtHsp60, mitochondrial Hsp60; AAC, ADP/ATP carrier; GST, glut-
athione S-transferase
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doi:10.1016/j.febslet.2004.12.018proteins that facilitate protein import into and/or protein fold-
ing in the mitochondrial matrix. These MMC proteins include
mtHsp70 in the matrix and its partner proteins, Tim44, Tim14/
Pam18 and Tim16/Pam16 in the inner membrane, and Yge1p/
Mge1p and Mdj1p in the matrix [3,4].
Here, we searched for a new MMC protein, if any, that
mediates protein import and/or protein folding in the matrix.
For this purpose, we systematically analyzed the localization
of yeast proteins that are indicated in the database to have
essential but unknown functions [5,6]. We thus identiﬁed a no-
vel essential 15-kD MMC protein encoded by YNL310C,
which is involved in protein translocation through the
TIM23 complex.2. Materials and methods
2.1. Yeast strains and growth conditions
A haploid strain (Dtim15/pRS316-Tim15) whose chromosomal dis-
ruption of YNL310C was constructed by tetrad analysis of the diploid
strain TIM15/Dtim15 harboring pRS316-Tim15 after sporulation, and
the TIM15/Dtim15 strain by introducing a DNA fragment containing
the Candida glabrata HIS3 gene ﬂanked by 40 base pairs of the se-
quences upstream and downstream of YNL310C into the wild-type
(WT) diploid strain W303-AB. GAL-TIM15 was constructed by fol-
lowing the previously described procedure [7].
Yeast strains were grown in YPGal (1% yeast extract, 2% polypep-
tone, and 2% galactose), YPD (1% yeast extract, 2% polypeptone, and
2% glucose), and SCD (Ura) (0.67% yeast nitrogen base without ami-
no acids, 0.5% casamino acids, and 2% glucose without supplement of
uracil).
2.2. In vitro protein import into mitochondria
The radiolabeled precursor proteins were synthesized in rabbit retic-
ulocyte lysates in the presence of 35S-methionine. Import reactions
were performed as described previously [7].3. Results and discussion
3.1. A 15-kD protein encoded by YNL310C is an essential
mitochondrial protein
The gene product of YNL310C is deposited as an essential
protein in the Saccharomyces cerevisiae genome database
(SGD). We found that the translation of YNL310C starts from
the second ATG in the database (data not shown) and termedblished by Elsevier B.V. All rights reserved.
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the gene product of YNL310C has homologs in a wide range of
eukaryotic organisms (Fig. 1A). Similarity was observed
throughout the sequence including the zinc-ﬁnger motif
(C75XXC78 and C100XXC103).
We constructed a yeast haploid strain whose chromosomal
YNL310C disruption was complemented by YNL310C on a
URA3 plasmid (Fig. 1B, TIM15). Cells losing the URA3 plas-
mid can be selected on a 5 0-ﬂuoroorotic acid (5 0-FOA) plate.
We thus analyzed the abilities of Tim15C75S and Tim15C100S
to complement the YNL310C disruption on the 5 0-FOA plate.
Cells with the gene for Tim15C75S (Fig. 1B, tim15 C75S) or
Tim15C100S (Fig. 1B, tim15 C100S) did not grow on the 5 0-
FOA plate, suggesting that Cys75 and Cys100 of the zinc-ﬁn-
ger motif are essential for the function of Tim15.
Since Tim15 is predicted to possess a mitochondrial target-
ing signal at the N-terminus, we analyzed its mitochondrial
localization by proteinase K (PK) treatment of mitochondria
and mitoplasts, where the outer membrane was ruptured,
and found that Tim15 behaved like Mdj1p, a matrix protein
partially associating with the inner membrane (Fig. 1C).Fig. 1. Tim15/Zim17. (A) Predicted amino-acid sequence of Tim15/Zim17. Sc
Mus musculus ; Hs, Homo sapiens. Identical residues are shown in black and
ﬁnger motifs are underlined. (B) A TRP1 single-copy plasmid harboring the
C75S) or for C100S (tim15 C100S) was introduced into the same haploi
YNL310C was complemented with a URA3 plasmid of YNL310C. Yeast strai
5 0-FOA plates and their growth was compared at 30 C. (C) Mitochondria a
lg/ml PK for 30 min at 25 C in the presence or absence of 0.1% Triton X-10
against indicated proteins. (D) Mitochondria were treated with sonication (s
500 mM NaCl for 30 min on ice (TX-100). Pellets (ppt) and supernatants
Proteins were detected by immunoblotting. (E) In vitro import of the Tim15
without DW. The mitochondria were then subjected to osmotic swelling (SW)
or without 100 lg/ml PK for 20 min on ice. The mitochondria or mitoplasts
PAGE and radioimaging. Lane 1, a putative mature form of Tim15 startingTim15 was, like Mdj1p and a peripheral inner membrane pro-
tein Tim44, extracted by alkaline treatment of mitochondria,
but was not released to the supernatant by sonication followed
by ultracentrifugation (Fig. 1D). These results indicate that
Tim15 is a peripheral membrane protein of the inner mem-
brane facing the matrix.
The radiolabeled Tim15 precursor was synthesized in vitro
and incubated with isolated mitochondria. Tim15 was im-
ported into mitochondria in a membrane potential (DW)-
dependent manner (Fig. 1E). The presequence of Tim15 is
most likely cleaved at the predicted cleavage site past residue
42 to yield a 14.9-kDa mature form, since the size of the ma-
ture form was close to that of truncated Tim15 starting from
residue 43 on the SDS–PAGE gel (Fig. 1E, lane 1).
During preparation of the manuscript on this study, identi-
ﬁcation of the gene product of YNL310C was reported on-line,
which was termed Zim17 [8]. Because the name of Zim17 does
not reﬂect its molecular mass (14.9 kD), we tentatively call it
Tim15 according to the original rule of the agreed nomen-
clature of the proteins involved in mitochondrial protein
transport [9]., S. cerevisiae; Nc, Neurospora crassa; Ce, Caenorhabditis elegans; Mm,
similar residues in gray. The presequence is boxed, and conserved zinc-
wild-type TIM15 gene (TIM15), that with a mutation for C75S (tim15
d strain (Dtim15/pRS316-Tim15), whose chromosomal disruption of
ns dependent on mutated TIM15 on the TRP1 plasmid were selected on
nd mitoplasts generated by osmotic swelling (SW) were treated with 50
0 (TX-100). Proteins were detected by immunoblotting with antibodies
onic.), 0.1 M Na2CO3 at pH 10.8 (Na2CO3), or 1% Triton X-100 with
(sup) were then separated by centrifugation (100000 · g for 30 min).
precursor into isolated yeast mitochondria for 20 min at 23 C with or
or treatment with 0.1% Triton X-100 (TX-100) and further treated with
were reisolated by centrifugation, and proteins were analyzed by SDS–
from residue 43; lane 2, the Tim15 precursor (10% control).
Fig. 2. Tim15/Zim17 mediates import of presequence-containing proteins. (A) Yeast strains W303-1A (WT) and GAL-TIM15 were ﬁrst grown in
YPGal at 30 C, then transferred to YPD and grown at 30 C for indicated times, and cell extracts were prepared. Proteins were analyzed by SDS–
PAGE and immunoblotting with antibodies against the indicated proteins. Arrowheads indicate accumulated precursor forms. (B) DW of WT and
Tim15ﬂ mitochondria measured by DiSC3(5) [14]. mt., mitochondria; val., valinomycin. (C-I) Mitochondria were isolated from yeast strains W303-
1A (WT) and GAL-TIM15 (Tim15ﬂ), after cultivation in YPGal for 12.5 h at 30 C. The amount of Tim15 in the Tim15ﬂ mitochondria was <1% of
that in WT mitochondria. Radiolabeled pSu9-DHFR (C), mtHsp60 precursor (D), cytochrome c1 precursor (E), pb2(167)-DHFR (F), AAC (G),
Tim23 (H), and porin (I) were imported into mitochondria at 25 C, and the imported, protease-protected proteins were analyzed by SDS–PAGE
and radioimaging. The amounts of radiolabeled proteins added to each reaction are set to 100%. p, precursor form; i, processing-intermediate form;
m, mature form.
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Fig. 3. Tim15/Zim17 interacts with mtHsp70. (A) Yeast strains, PK82
(SSC1), PK81 (ssc1-2), and PK83 (ssc1-3) [12] carrying the yeast multi-
copy plasmid pYO326 (with URA3 selection marker) without an insert
(Vec) or with the TIM15 gene placed under the control of its own
promoter (Tim15›) were grown at 23 C on SCD (Ura). Three A600
510 H. Yamamoto et al. / FEBS Letters 579 (2005) 507–5113.2. Tim15/Zim17 mediates import of presequence-containing
proteins into mitochondria
We constructed a yeast strain GAL-TIM15, in which the
expression of Tim15/Zim17 was under the control of the galac-
tose-inducible GAL7 promoter. When GAL-TIM15 cells were
shifted from galactose-containing medium (YPGal) to galac-
tose-free medium (YPD), the cell growth exhibited growth ar-
rest (data not shown).
Total lysates were prepared from WT and GAL-TIM15 cells
various times after the shift from YPGal to YPD, and were
analyzed by immunoblotting for various mitochondrial pro-
teins (Fig. 2A). When analyzed 18 h or 24 h after the shift,
GAL-TIM15 cells were depleted of Tim15 while other proteins
involved in mitochondrial protein import were not signiﬁ-
cantly aﬀected (Fig. 2A). Depletion of Tim15 led to accumula-
tion of uncleaved precursor forms of mitochondrial Hsp60
(mtHsp60) and Mdj1p (Fig. 2A), suggesting the role of
Tim15 in mitochondrial protein import.
In parallel, we tested the ability ofmitochondria isolated from
Tim15-depleted (Tim15ﬂ) cells to import various radiolabeled
precursor proteins in vitro. Tim15ﬂ mitochondria maintained
DW (Fig. 2B), which is essential for protein import via the
TIM23 complex. We ﬁrst analyzed the import of presequence-
containing precursors that depends on both the TIM23 complex
and mtHsp70. The import rates of the mtHsp60 precursor and
pSu9-DHFR, a fusion protein between the presequence of sub-
unit 9 of Fo-ATPase and mouse dihydrofolate reductase
(DHFR), into Tim15ﬂ mitochondria were signiﬁcantly de-
creased as compared with those into WT mitochondria (Fig.
2C and D). On the other hand, import of the precursor to cyto-
chrome c1 or pb2(167)-DHFR, a fusion protein between the ﬁrst
167 residues of the cytochrome b2 precursor and DHFR, into
the intermembrane space (IMS) was not impaired by depletion
of Tim15, although their presequence cleavage in the IMS was
moderately retarded (Fig. 2E and F). Both the cytochrome c1
precursor and pb2(167)-DHFR require the TIM23 complex,
but not mtHsp70 for their import into the IMS [10,11]. Tim15
thus appears to facilitate mtHsp70-dependent import of precur-
sor proteins into the matrix.
Then, we analyzed import of presequence-less polytopic inner
membrane proteins, ADP/ATP carrier (AAC) and Tim23, via
the TIM22 complex. In contrast to the presequence-containing
proteins, import of AAC (Fig. 2G) or Tim23 (Fig. 2H) was not
retarded by depletion of Tim15, but instead slightly stimulated.
Although the reason for this slight import stimulation is not
clear, Tim15 is evidently not essential for the import of AAC
and Tim23. Tim15 is not involved in protein insertion into the
outer membrane because membrane insertion of porin reﬂected
in its resistance to protease digestion was not aﬀected by the
Tim15 depletion (Fig. 2I).
unit of cells were diluted in 10-fold increments, and 4 ll of each
dilution (starting without dilution) was spotted onto SCD (Ura)
medium and incubated at indicated temperature for 3 days. (B) GST
and GST-Tim15 (4 lM) were incubated with mtHsp70 (1 lM) in
binding buﬀer (20 mM Hepes–KOH, pH 7.4, 100 mM KCl, 1 mM
DTT, 30 lM Zn(OAc)2, 10% glycerol, and 10 mM MgCl2) in the
presence of 5 mM ATP or ADP and 100 ll of glutathione–Sepharose
for 1 h at 25 C. The resin was then washed with binding buﬀer with 5
mM ATP or ADP and the bound proteins were eluted with 20 mM
glutathione. Proteins in the loaded fraction (L, 5% of the total), ﬂow-
through fraction (F, 5% of the total), and eluted fraction (E, 50% of the
total) were analyzed by SDS–PAGE and CBB R-250 staining. GST-
Tim15 and mtHsp70 (Ssc1p) with a hexahistidine tag were expressed
from pGEX-4T-2 or pET-15b, respectively, in the E. coli BL21(DE3)
strain and puriﬁed by a glutathione–Sepharose or Ni–NTA column.3.3. Tim15/Zim17 cooperates with mtHsp70
What is the role of Tim15/Zim17 in protein import via the
TIM23 complex? Since import of the cytochrome c1 precursor
and pb2(167)-DHFR into mitochondria, which does not re-
quire mtHsp70, was virtually not aﬀected by depletion of
Tim15, Tim15 likely cooperates with mtHsp70 in protein im-
port. To test this possibility, we investigated genetic interac-
tions, if any, between TIM15 and SSC1, the gene for yeast
mtHsp70, by analyzing the eﬀects of overexpression of
Tim15 on the defects of mtHsp70 functions in its mutants,ssc1-2 and ssc1-3 strains. The ssc1-2 and ssc1-3 mutants have
mutations in the peptide binding domain or in the ATPase
domain of mtHsp70, respectively [12]. Both ssc1-2 cells and
ssc1-3 cells exhibited temperature-sensitive growth defects,
yet ssc1-2 cells, not ssc1-3 cells, showed growth defects even
at 23 C (Fig. 3A). The Tim15 overexpression rescued the
growth defects of ssc1-3 cells most prominently at 33 C, indi-
cating the genetic interactions between TIM15 and SSC1.
We then tested physical interactions between Tim15 and
mtHsp70 in vitro. For this purpose, we puriﬁed recombinant
GST-Tim15, a fusion protein between glutathione S-transfer-
ase (GST) and the mature part of Tim15, from Escherichia coli
cells. The Tim15 domain of the fusion protein folded correctly
as judged from the protease digestion pattern and circular
dichroism measurements (data not shown). GST-Tim15 or
GST as a control was incubated with puriﬁed mtHsp70 in
the presence of ATP or ADP and of glutathione–Sepharose
beads. When GST or GST-Tim15 was eluted from the beads
with 20 mM glutathione, mtHsp70 was co-eluted with GST-
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able for mtHsp70 binding to GST-Tim15 than ADP, ruling
out the possibility that GST-Tim15 was non-speciﬁcally
trapped by mtHsp70 as an unfolded chaperone substrate. Ta-
ken together, we concluded that Tim15 cooperates with
mtHsp70 in mitochondrial protein import.
Interestingly, Burri et al. [8] reported that loss of Zim17
from cells was partially suppressed by overexpression of the
MMC J-proteins Tim14 and Mdj1p, but not by overexpression
of mtHsp70. This suggests that the role of Tim15/Zim17 is
partly overlapped by those of Tim14 and Mdj1p.4. Conclusion
In the present study, we have identiﬁed Tim15/Zim17, a new
member of MMC proteins. DnaJ-like proteins, co-chaperones
for Hsp70, transfer unfolded substrate proteins to Hsp70 and
accelerate ATPase hydrolysis by Hsp70. A sub-group of
DnaJ-like proteins including bacterial DnaJ contains four
domains, namely, the J domain, a glycine-rich G/F region, a
zinc-ﬁnger domain, and a carboxy-terminal domain [13]. The
J domain mediates the interaction with Hsp70 and stimulates
the ATPase activity of Hsp70, and the zinc-ﬁnger domain with
four repeated CXXCXGXG motifs likely interacts with
unfolded proteins. Among MMC proteins, only Mdj1p
and Tim14 contain the J domain. Nevertheless, Mdj1p, but
not Tim14, contains the G/F domain and zinc-ﬁnger domain.
Since Tim15/Zim17 possesses two CXXC motifs, it may act,
together with Tim14, in trans as a DnaJ-like proteins for
mtHsp70. This interaction could be important for mtHsp70
to import presequence-containing proteins through the
Tim23 channel. Besides, since overexpression of Mdj1p, which
mediates protein folding in the matrix, but not the protein im-
port, partly suppresses the loss of Tim15 [8], Tim15/Zim17
may be also involved in protein folding/assembly in the matrix.
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